Thermoelectric measurements detect the asymmetry between the density of states above and below the chemical potential in a material. It provides insights into small variations in the density of states near the chemical potential, complementing electron transport measurements. Here, combined resistance and thermoelectric power measurements are performed on vanadium dioxide (VO2), a prototypical correlated electron material, under ionic-liquid (IL) gating. With IL gating, charge transport below the metal-to-insulatortransition (MIT) temperature remains in the thermally activated regime, while the Seebeck coefficient exhibits an apparent transition from semiconducting to metallic behavior. The contrasting behavior indicates changes in electronic structure upon IL gating, due to the formation of oxygen defect states. The experimental results are corroborated by numerical simulations based on a model density of states incorporating a gating induced defect band. This study reveals thermoelectric measurements to be a convenient and sensitive probe for the role of defect states induced by IL gating in suppressing the MIT in VO2, which remains benign in charge transport measurements, and possibly for studying defect sates in other materials.
A metal-insulator transition (MIT) coupled with a structural transition at around 340 K [1] in vanadium dioxide (VO2), a the prototypical strongly correlated system, has drawn extensive attention both in the study of correlated physics [2] and in practical applications such as field-effect transistors and ultrafast optoelectronic switches [3] . While the detailed physics behind the MIT [2, 4] is still controversial, it is generally recognized that the dimerization of vanadium ions is responsible for the structural transition and the accompanying change in electronic structures [5] .
With vanadium dimerization, VO2 transforms from a high temperature metallic rutile phase (R phase) to a low-temperature semiconducting monoclinic phase (M1 phase), which opens a gap of ~ 0.6 eV [6] . The driving force and the dynamics underlying the MIT in this correlated system have been under intensive investigation [7] . Thermal transport studies on pristine VO2 have revealed intriguing behaviors in both metallic state [8] and the MIT transition regime [9] . Significant efforts in modulating the MIT for electronic applications were also pursued [10] .
Recently, ionic-liquid (IL) gating has been applied in a wide range of materials and devices [10b, 11] .
Under a gate bias, an electric double layer (EDL) is formed [12] leading to high electric fields capable of producing up to 10 15 cm -2 carriers [13] . Upon IL gating, MIT in VO2 can be strongly modulated and even completely suppressed [14] . While this was previously believed to be an electrostatic gating effect, later experiments favor the formation of oxygen vacancies as the main mechanism responsible for the observed effects [10a, 15] . Unfortunately, the oxygen vacancy mechanism evaded detection in earlier studies, as conventional charge transport studies cannot distinguish electrostatic gating effect from gating induced change in defect states. A more convenient and direct probe of such defect states due to IL gating is needed.
Here we report results on combined thermoelectric and charge transport measurements of IL-gated VO2. Utilizing its sensitivity to the asymmetry of the density of states (DOS) near the chemical potential, the measurement of thermoelectric power (Seebeck coefficient) combined with a simultaneous measurement of resistance in integrated devices uncover a significant contribution from the oxygen vacancy defect states induced by IL gating. It provides insights into the evolution of such states with IL gating. In the insulating phase, S behaves as a single-band semiconductor without gating, consistent with band structure calculations [10a] ; Under IL gating, however, S deviates strongly from a conventional semiconducting behavior, showing instead a nearly Tindependent behavior for Vg = 0.5 V and trending towards a near linear temperature dependence at Vg = 1.0 V. Interestingly, charge transport remains thermally activated for all Vg studied, with an activation energy EA decreasing with increasing Vg. The deviation from conventional semiconducting behavior in thermoelectric measurements under IL gating strongly indicates the involvement of oxygen vacancy defect states. The essential behavior of the temperature dependence of Seebeck coefficient and resistance can be reproduced qualitatively by numerical simulation based on a simple model DOS with a defect band residing in the band gap. Our results demonstrate the importance of oxygen vacancy defect states for modulating the MIT in IL-gated VO2, and show that thermoelectric measurement is a sensitive probe for such states.
VO2 thin films with thicknesses of 10∼50 nm were deposited on single crystalline sapphire substrates (0001 orientation, MTI Corporation). Film deposition was performed in an electronbeam evaporator (AJA International Inc.) using VO2 pellets (VWR Corporation) as the source.
Device geometry was defined using stencil shadow masks. Additional post deposition annealing in oxygen partial pressure in the same vacuum chamber was adopted to compensate for the oxygen deficiency formed during the ebeam deposition. During annealing, O2 and Ar gas flow rate were kept at 6 and 8 sccm, respective, and the total pressure was maintained at 90 mtorr. We found the optimized condition, as characterized by the magnitude of resistance change across the MIT, to be at deposition temperature of 500 °C and post deposition annealing temperature of 550 °C. MIT in samples studied here (15 nm thick) shows a resistance change of up to four orders of magnitude.
Device electrodes and heaters for thermoelectric measurements were made by Au deposition using stencil shadow masks. An optical image of a typical device is shown in Fig. 1(a) . In order to establish a thermal gradient for the Seebeck coefficient measurement, one side of the sample was placed close to an Au heater, while the other side close to a copper block for anchoring to the base temperature. One droplet (~ 20 ul) of N,N-diethyl-N-(2-methoxyethyl)-N-methylammonium bis-(trifluoromethylsulfonyl)-imide (DEME-TFSI) was dispensed on top of the device to serve as the IL gating media ( Fig. 1(a) inset). The ionic liquid was first baked in vacuum at 380 K for over 12 hours to remove trace water in order to minimize the chemical reaction with the sample [16] , after which different gate voltages were applied. To ensure reproducibility, we avoided using high gate voltages under which chemical reaction between the sample and IL became significant. Therefore, in this paper we restrict our measurement to " ≤ 1.0 V. In a typical measurement, resistance and Seebeck coefficient were measured simultaneously to ensure that both data are taken under identical gating conditions. Resistances between leads R1I+ and R2I+ were measured using a dc source with alternating polarity. A steady state method was used for Seebeck coefficient measurement. A temperature gradient ∆T was generated using the patterned Au heater between leads h+ and h-. Two pairs of Au bridges were used for monitoring ∆T by acting as a resistance thermometer. A gate voltage was applied between leads Vg+ and R1I+, with a picoammeter (Keithley 6485) to monitor the leakage current. Leakage current was found to be less than 3 nA throughout the gating experiments. A negligible contribution from IL to the measured Seebeck coefficient was confirmed by comparing the measurements at Vg = 0 for samples with and without IL. The heating current dependence of the thermoelectric voltage is shown in Fig. 1(b) . A parabolic relation between thermal electric voltage vs * for both positive and negative heating current ensures an intrinsic thermoelectric response.
Representative temperature dependent resistance and Seebeck coefficient at zero gate voltage (Vg = 0 V) is shown in Fig. 2 
. A MIT is found at Tonset between 325 and 335 K in both R(T) and S(T),
with a typical thermal hysteresis reflecting its first-order nature. The transition temperature is close to the typical values in film samples reported earlier [15, 17] . The resistance changes for over three decades across the MIT, showing good sample quality despite its polycrystallinity. In the low-T semiconducting phase, the resistance increases exponentially with decreasing temperature. The temperature dependence is well fitted by = -exp ( 2 3 4 5 6 ), as shown by the solid line in Fig. 2 (a). This shows that the charge carrier transport in this regime is thermally activated. The corresponding activation energy 9 is found to be 0.19 eV. With band gap of VO2 in the semiconducting phase known to be 0.6 eV [18] , this indicates that either a donor level lies at 0.19 eV below the chemical potential for n-type or an accepter level at 0.19 eV above the chemical potential for p-type conduction.
The Seebeck response shows different behaviors above and below the MIT temperature at zero gating. In the metallic phase, S decreases linearly with decreasing T, with a value of -40 μV/K at 360 K. Upon cooling below TMIT, S increases steeply by more than an order of magnitude to -450 μV/K at 300 K. The values of Seebeck coefficient at both sides of the MIT are in line with earlier reports [19] . The more than ten-fold enhancement in Seebeck response reflects a change of the electronic structure due to the MIT.
For now, we focus on the semiconducting phase, and will return to the interpretation of Seebeck response in the metallic phase later. In a nonmagnetic system, S consists of contributions from both carrier diffusion (Sd) and phonon drag (Spd). A typical estimate of the temperature below which Spd becomes important is θD/5, with θD the Debye temperature. For VO2 θD is around 750K [6] , giving θD/5 ~ 150K. An earlier thermoelectric study on doped VO2 indeed revealed a phonon drag contribution only below 200 K [20] . Therefore, in the temperature range of our concern (> 200 K), we neglect the phonon drag term and use S ~ Sd as an approximation.
Generally, the linear response Seebeck coefficient is expressed as
is the total conductivity (integrated over all conducting channels), ( ) is the DOS at energy E, ( ) is the mobility, and ( ) is the Fermi-Dirac distribution function [21] . It is clear that S is inherently sensitive to energy dependence Here, Q and W are the Seebeck response from the conduction band and valence band respectively.
The total Seebeck coefficient is then
where σ Q and σ W are the conductivity contribution from conduction and valence bands, respectively. Note the opposite signs between Q and W . For an intrinsic semiconductor with strictly symmetric conduction and valence bands, Q and W would cancel out, leading to zero Seebeck response. For real materials, this is never the case: the asymmetry between the two gives rise to finite thermoelectricity.
We can see that in VO2, S remains negative throughout the temperature and gate voltage ranges.
The magnitude of S without gating is also consistent with existing Seebeck coefficient data on VO2 [19, 22] . Negative Seebeck coefficient indicates that the carrier transport is dominated by electrons.
Therefore, the carriers with excitation energy of 0.19 eV obtained from the resistance measurements must come from the donor levels below the CBM. Because of the extra carriers excited from the donor levels, Seebeck response of the conduction band Q dominates. We approximate as Q , so that Eq. 2 can be used to calculate total S. The solid line in Fig. 2(b) shows a good fit by Eq. 2 to the Seebeck coefficient data. The fitting yields `− µ = 0.09 eV. Now, a schematic band diagram of VO2 at Vg = 0 can be constructed based on the physical parameters obtained from resistance and Seebeck measurements. As shown in the inset of Fig. 2(b) , VO2 at zero gating possesses a chemical potential at 0.09 eV below the CBM and 0.19 eV above the donor states, a situation similar to previous reports [19] . The applicability of a single band picture is also consistent with the band structure calculation showing that after the gap opening at < de6 , * band is mainly responsible for the electron transport [23] .
At finite IL gating voltage, the MIT transition is suppressed to lower temperatures. Meanwhile the resistance change across the MIT reduces by over an order of magnitude for Vg = 1.0 V (shown in Fig. 3 ). The conduction remains to be thermally activated, as shown by the solid lines in Fig. 3(a) .
However, the activation energy 9 decreases with increasing IL gating voltage ( Fig. 3(a) inset).
The reduced 9 suggests a shift of the donor levels towards the chemical potential due to IL gating.
The thermoelectric response at finite IL gating in Fig. 3 (b) delivers rich insight. Let's first focus on the Seebeck coefficient in the metallic phase. As can be seen in Fig. 4(a) , S is a linear function of T for all gating conditions in our experiments. In a metallic state, the general expression of Seebeck coefficient eq. 1 is reduced to the well-known Mott formula [21] = − where l is the Boltzmann constant, ( ) the energy dependent conductivity and t the Fermi energy. It is worth noting that the slope decreases as Vg increases from 0 to 0.5V, but remains nearly constant as Vg is further increased to 1.0 V. By assuming a degenerate carrier population of the band, Eq. (4) can be simplified as [24] , = h i 4 i 6 j<2 s ( j u + ) , where r is the power-law index of the carrier scattering time. Take r = -1/2 (the phonon scattering dominated case), the slope in the fitting in the inset of Fig. 3(b) corresponds to EF ~ 0.11eV for Vg = 0, and ~0.17 eV for Vg = 0.5 and 1.0 V, respectively. The increase of EF with increasing Vg reflects the increase in carrier density upon gating. We can further estimate the carrier density using t = * i wx * ( jo h ) u/j , with the effective carrier mass * = 3 -as reported earlier [6] , carrier density is found to be ~1.82×10 22 cm -3 for Vg = 0. The estimated carrier density at zero gating is very close to the value reported previously using Hall measurement [14] .
In the semiconducting state, the Seebeck response under IL gating changes dramatically from that without gating. As shown in Fig. 3 (b) , at Vg = 0.5 V, S(T) shows a nearly T-independent behavior.
For higher Vg = 1.0 V, S changes slope into decreasing with decreasing T, resembling a metallic temperature dependence. The corresponding Peltier coefficient Π = • is shown in Fig. 3(c) .
The temperature independent part of Π quantifies the energy gap of − ( Q − µ)⁄ (for electrons), which is roughly 0.09 V for ungated VO2. Π reduces to half of its value at " = 0.5 V, and becomes very small at " = 1.0 V. The rapid decrease of Peltier coefficient upon gating indicates the increase of the chemical potential of VO2 in the semiconducting phase.
The temperature dependence of conductivity and Seebeck coefficient in the semiconducting phase show distinctively different behavior upon IL gating, which is counter intuitive at first glance. This difference can be understood as following: [25] it is the electrons right at the chemical potential that contribute the most to conductivity; while for thermoelectric transport, it is the asymmetry of electron occupation below and above the chemical potential that matters. Therefore, the contrasting behaviors between Seebeck coefficient and resistivity signify a change in the DOS near the chemical potential in VO2 under IL gating.
At Vg = 0, the donor defect level, due to oxygen vacancies in the as-grown VO2 and perhaps other defects, has very narrow dispersion. Its role is to provide thermally excited carriers. The donor defect states do not participate in transport directly due to the fact that carriers in these states are highly localized. Since the conduction band dominates the carrier transport, S(T) can be described by Eq. (2) with a negative slope. By increasing Vg to 1 V, the opposite slope of S(T) requires participation of states below the chemical potential µ, whose contribution overtakes that from the conduction band. As the valence band is far away from µ and its contribution to S is not expected to change much with Vg, it is very likely that the additional DOS originates from the broadening of the donor level into a defect band, where carriers become mobile and contribute directly to transport.
As investigated in IL gating experiments under controlled atmosphere [15] , creation of oxygen vacancies (Vo) are found to be the major effect in addition to the electrostatic gating. Our measurements show that the chemical potential shifts closer to the conduction band edge with increasing Vg. This could come from two factors: 1) The defect level is broadened due to the higher concentration of Vo created at higher Vg. 2) The bulk CBM is distorted by the Vo defects, leading to tail states extending well into the band gap. At T = 0, the defect states are fully occupied.
However, at finite temperatures the carriers in the defect states can be ionized to push the chemical potential µ closer to the now distorted CBM, and even into the tail states of the conduction band, since these tail states are expected to have significantly lower DOS than that of the bulk CBM.
With the above physical picture, the essence of the contrasting thermoelectric response and carrier transport can be captured by a numerical simulation using Eq. Fig. 4(a) . Based on this DOS, we carried out numerical integration to find the chemical potential as a function of temperature, which is then used in Eq. 1 for further calculations of ( ) and ( ). Combining thermoelectric and carrier transport probes, which detect different parts of DOS near the chemical potential, our work leads to correct attribution of suppressed MIT in VO2 to IL gating induced defect states. It would otherwise evade the detection in a typical transport measurements [14] , until detailed oxygen isotope experiment further pointed out the additional defect states upon IL gating [15] . Our approach thus provides a straightforward and effective method that can differentiate the contribution from the electrostatic gating and those from the induced defect states.
In conclusion, simultaneous charge and thermoelectric transport measurements were performed in IL gated VO2 thin films. We obtained clear signature of IL gating induced defect states, due to the formation of oxygen vacancies. The ability of differentiating the contribution from the electrostatic gating and those from the induced defect states make our measurements an effective approach in probing the intrinsic transport mechanisms, which may find more applications in a wide range of materials and field effect transistor devices involving ionic liquid. Fig. 4 
